We estimated the amount of nitrogen (N) remobilized from 1-year-old leaves at various positions in the crowns of mature Quercus glauca Thunb. ex Murray trees and related this to the production of new shoots. Leaf N concentration on an area basis (N a ) and total N (N t = N a × lamina area of all leaves on a shoot) were related to photosynthetic photon flux (PPF) on the leaves of current-year and 1-year-old shoots. When new shoots (S02 shoots; flushed in 2002) flushed, only a portion of the leaves on the previous year's shoots (S01 shoots; flushed in 2001) were shed. After the S02 shoots flushed, S01 shoots were defined as 1-year-old shoots (S01* shoots). Both N a and N t were positively correlated with PPF for S01 shoots, but not for S01* shoots. The fraction of remobilized N (% of the maximum N a in S01 leaves) from remaining leaves was 5-35%, with the fraction size being positively correlated with the number of S02 shoots on an S01* shoot (new shoot number). However, the mean fraction of remobilized N from fallen leaves was 45% and was unrelated to new shoot number. The total amount of N remobilized from both fallen and remaining leaves was 1-20 mg per S01* shoot. Total remobilized N was positively correlated with new shoot number. There was a statistically significant positive relationship between the lightsaturated net photosynthetic rate on a leaf area basis (A max ) and N a for both S01* and S02 leaves. However, when we compared leaves with similar N a , A max of S01* leaves was only half that of S02 leaves, indicating that 1-year-old leaves had lower instantaneous N-use efficiency (A max per unit N a ) than current-year leaves. Ratios of chlorophyll a:b and Rubisco:chlorophyll were lower in S01* leaves than in S02 leaves, indicating that 1-year-old leaves were acclimatized to lower light environments. Thus, in Q. glauca, the N allocation theory (i.e., that N is distributed according to local PPF) applied only to the current-year shoots. Although the amount of foliar N in 1-year-old shoots was not strongly affected by the PPF on 1-year-old leaves, it was affected by interactions with current-year shoots.
Introduction
New leaves of plants with an erect habit shade older leaves lower on the stem, resulting in decreased photosynthetic photon flux (PPF) with increasing leaf age (Field 1983 , Hirose and Werger 1987 , Brooks et al. 1996 , Schoettle and Smith 1998 . Most leaf nitrogen (N) is allocated to components of the photosynthetic apparatus such as Rubisco and light harvesting complexes. Therefore, there is a strong relationship between the light-saturated rate of leaf net photosynthesis on an area basis (A max ) and leaf N concentration on an area basis (N a ) (Evans 1989) . The amount of N in leaves decreases with decreasing PPF, and also decreases with increasing leaf age. This provides a potential mechanism for maximizing whole-plant carbon (C) gain (N allocation theory; Field 1983 , Hirose and Werger 1987 , Ackerly 1992 , Anten et al. 2000 . Hikosaka et al. (1994) grew the vine species Ipomoea tricolor Cav. cv. Heavenly Blue horizontally, to avoid mutual shading of leaves, and shaded the leaves to various extents with shade cloth. They created artificial conditions whereby PPF on the leaves increased with leaf age and demonstrated that the N distribution is affected more by PPF than by leaf age when plants are grown at high N concentrations.
In several evergreen conifers, old leaves comprise over half the total leaf biomass of the crown (Schulze et al. 1986 ). As the crown develops, gradients of PPF are generated not only from top to bottom of the crown, but also from young to old leaves (Schoettle and Smith 1991) . To maximize C gain in evergreen tree canopies, acclimation of leaf photosynthetic properties to this decrease in PPF could be advantageous.
In some evergreen conifers, including Abies amabilis Dougl. ex J. Forbes and Pinus contorta Dougl. ssp. latifolia Engelm., the relationship between A max and N a is strong for young leaves, but weak or negligible when data for all leaf ages are pooled (Brooks et al. 1996, Schoettle and Smith 1998) . In A. amabilis, a significant relationship between N a and PPF was found for both young (1-year-old) and old (2 -10-years-old) leaves (Brooks et al. 1996) , but the correlation coefficient of the linear relationship was much larger for young leaves than for old leaves. In P. contorta ssp. latifolia, a significant relationship between N a and PPF was found for young (1-4-years-old) leaves, but not for old (5 -15-yearsold) leaves (Schoettle and Smith 1998) .
In evergreen trees, old leaves provide N and carbohydrates to support the growth of new shoots (Monk 1966 , Kimura et al. 1968 , Kimura 1969 , Fife and Nambiar 1984 , Karlsson 1994 . In Quercus ilex L., artificial removal of the old leaves before bud burst reduced N concentration in the mature leaves of new shoots by 14% (Cherbuy et al. 2001) . A study performed with 15 N indicated that about 40% of the N content in new shoots of the evergreen shrub Vaccinium vitis-idaea L. came from previous-year leaves (Grelet et al. 2001) . Based on these findings, Schoettle and Smith (1998) hypothesized that the N content of old leaves of P. contorta ssp. latifolia is a function of N translocation from old leaves and sink strength of new shoots, obscuring the relationship between N a and PPF in old leaves; however, this hypothesis has never been tested.
In the evergreen broad-leaved tree Quercus glauca Thunb. ex Murray, the emergence of new shoots and shedding of old leaves occur almost synchronously in spring (there is no detectable leaf shedding in summer). This species shows typical flush-type shoot phenology, with leaves retained for 1-3 years. The aims of this study were threefold. First, we measured N a and examined whether N a was related to PPF for young (current-year) and old (1-year-old) leaves. Second, we examined if the sink strength of new shoot growth was related to the amount of N remobilized from old leaves. As an index of sink strength, we measured the number of new shoots on each old shoot. Third, to describe the pattern of photosynthetic acclimation with leaf age, we compared A max , stomatal conductance, CO 2 concentration of the intercellular air spaces (C i ), concentrations of chlorophyll (Chl), Rubisco and soluble protein, the Chl a:b ratio and the leaf thickness of 1-year-old leaves with those of current-year leaves.
Materials and methods

Plant materials
We used two neighboring mature trees of Q. glauca Thunb. ex Murray (Fagaceae) growing on the Osaka University campus (135°27′ N, 34°48′ E; about 60 m altitude). Their heights and diameters at breast height were 4 and 5 m, and 9 and 11 cm, respectively. Significant herbivory was not evident on either tree.
The shoots that flushed in spring of 2001 and 2002 were designated S01 and S02 shoots, respectively. All S02 shoots were produced from S01 shoots, not from older shoots. In mid-April 2002, the shedding of S01 leaves and the flush of S02 shoots occurred almost synchronously. Leaf shedding was completed in mid-June 2002. Area expansion of leaves of S02 shoots was completed in early May 2002. The S01 shoots were defined as 1-year-old shoots (S01* shoots) after the S02 shoots flushed.
Design of experiments
We selected 35 S01 shoots at various crown positions (1-3 m above ground) in March 2002. No leaves remained on the shoots to which S01 shoots were attached. Lamina area was measured with a scanner and Scion image software (Scion, Frederick, MD) . Based on the least squares method, we obtained a linear function that expressed the relationship between lamina area and the value of lamina length × width (r 2 > 0.98, n = 48). Lamina area of all leaves on each S01 shoot (LA S01 ) was estimated by this linear function. To determine N concentration on an area basis of S01 leaves (N S01 a ), we sampled a leaf disk from each S01 leaf (5.5 mm in diameter, 23.7 mm 2 ) in early March 2002 and pooled the disks for each S01 shoot. Areas of the sampled leaf disks obtained from each S01 shoot corresponded to only 1-3% of the LA S01 . Leaf disk area was included in the calculation of lamina area. Photosynthetically active photon flux (PPF) on each S01 shoot was measured in early April 2002 and the values were expressed relative to the PPF of full sunlight (rPPF S01 ).
Before S02 shoots flushed, we tied the petiole of each S01 leaf to the stem with string to retain fallen leaves for determination of N content. Fallen leaves from the sample branches were collected. Two to four disks were taken from each fallen leaf. After leaf shedding was completed, the leaf disks were pooled for each S01 shoot. Nitrogen concentration of 2-6 randomly selected leaf disks was analyzed and area-based N concentration of the fallen leaves (N f a ) was calculated. Relative photosynthetic photon flux on each S01* shoot (rPPF S01* ) was measured in mid-July 2002. Following PPF measurement, we harvested the S01* and S02 shoots, and measured lamina areas of all leaves on each S01* (LA S01* ) and S02 (LA S02 ) shoot. We then collected 2-4 disks from each leaf and pooled the disks for each shoot. Area-based N concentrations of the S01* (N S01 a * ) and S02 (N S02 a ) leaves were determined.
Relative photosynthetic photon flux
Shoot PPF was measured with a quantum sensor (LI-190SA, Li-Cor, Lincoln, NE) on overcast days. To calculate relative PPF (rPPF), we expressed the values relative to PPF measured every minute on the rooftop of a nearby building in an open space. We obtained rPPF at the top, middle and base of a shoot stem, and calculated rPPF of each shoot as the mean of these three values.
CO 2 gas exchange
Carbon dioxide gas exchange rates of S02 and S01* leaves were measured in situ with a portable system (LI-6400, Li-Cor) between 1000 and 1600 h on sunny days from midJuly to mid-August 2002. Photosynthetic photon flux was increased stepwise (blue + red LED as a light source) from 0 to 1000 µmol m -2 s -1 until net photosynthetic rates attained steady state. We obtained A max , stomatal conductance to water vapor (g s ) and C i at an ambient CO 2 concentration of 360 µmol mol -1 , leaf-to-air vapor pressure difference of 1.1-2.0 kPa and leaf temperature of 28 -33°C. Following measurement of CO 2 gas exchange rates, 5.5-mm diameter leaf disks were collected and dried for determination of N and C concentrations.
Chlorophyll, soluble protein, Rubisco and leaf thickness
To determine Chl, Rubisco and soluble protein concentrations, small leaf disks were collected from 41 S01* leaves and 55 S02 leaves in early October 2002. We collected leaves from at least 10 shoots at various positions in the crowns of both trees (1-3 m height above ground). The disks were kept in a box filled with ice and transported to the laboratory, where they were stored at -84 °C within 30 min of excision.
The frozen leaf disks were ground on ice with a mortar and pestle with a small amount of quartz sand and an extraction buffer containing 100 mM HEPES-KOH (pH 7.5), 5 mM EDTA, 0.3% (w/v) soluble polyvinylpyrrolidone, 0.7% (w/v) polyethylene glycol 20,000, 1% (v/v) Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 5 mM iodine acetate and 0.3% (v/v) 2-mercaptoethanol. A small portion of the extract was used for Chl determination. Total Chl concentration and Chl a:b were measured after extraction of the aqueous extract with 80% (v/v) acetone as described by Porra et al. (1989) .
The remaining aqueous extract was centrifuged and the supernatant was analyzed for Rubisco and soluble protein concentrations. A portion of the supernatant was mixed with 0.1 M Tris-HCl (pH 6.8) buffer containing 4% (w/v) sodium dodecyl sulfate, 12% (v/v) 2-mercaptoethanol, 20% (v/v) glycerol and 1% (w/v) bromophenol blue, and heated at 95°C for 5 min. Rubisco was separated by polyacrylamide gel electrophoresis on a 12.5% (w/v) separation gel and 4.75% (w/v) stacking gel, with a purified spinach Rubisco standard. Soluble protein in the supernatant and the spinach Rubisco contents were measured spectrophotometrically with a Bradford reagent kit (Coomassie Plus Protein Assay Reagent Kit, Pierce, Rockford, IL). Triton X-100 has been shown to interfere with the Bradford protein assay (Friedenauer and Berlet 1989) ; however, the final concentration of Triton X-100 for the protein measurement was 0.001% (v/v), so any such artifacts were minimized. The gel was stained with Coomassie Brilliant Blue R-250. The amount of the large subunit of Rubisco was determined spectrophotometrically at 570 nm with a gel densitometer (FD-A-IV, Fujiox, Tokyo, Japan).
We measured the thickness of leaf pieces (about 1 × 2 mm) cut from the laminas of 12 S02 and 16 S01* leaves as described by Miyazawa et al. (2003) . The leaves were harvested in early October 2002 from shoots sampled at various crown positions.
Nitrogen and carbon
Leaf disks were oven-dried at 70°C for at least 2 days, and then weighed for the calculation of leaf dry mass per area (LMA). Amounts of N and C were measured with a CHNOS analyzer (Vario ELIII, Elementar Americas, Mt. Laurel, NJ).
Nitrogen remobilization
We calculated N-remobilization efficiency from fallen (R f ) and remaining (R f ′) leaves as:
where N S01 a , N f a and N S01 a * are area-based N concentrations of S01, fallen and S01* leaves, respectively. Nitrogen losses caused by leaching were assumed to be negligible.
We calculated the amount of N remobilized from fallen (R m ) and remaining (R m ′ ) leaves as:
where LA S01 and LA S01* are lamina areas of all leaves on S01 and S01* shoots, respectively. The total amount of N remobilized from 1-year-old leaves was estimated as R m + R m ′. Nitrogen content of all leaves on a shoot (total N content) was calculated as area-based N concentration multiplied by the lamina area of all leaves on the shoot. The number of S02 shoots on each shoot (new shoot number) was defined as an index of sink strength. We examined relationships between these parameters of N remobilization and new shoot number.
To evaluate the proportion of N remobilized from 1-year-old leaves to new leaf N, we obtained total N content of S02 shoots (N S02 a × LA S02 ). The total N contents of all S02 shoots on each S01* shoot were summed (total amount of N in new leaves), and the proportion was estimated as a ratio of total amount of N in new leaves to the value of R m + R m ′.
Statistical analysis
Physiological and anatomical properties were compared between current-year leaves and 1-year-old leaves by the Student's t-tests using SPSS (SPSS, Chicago, IL). Linear regressions obtained by the least-squares method were performed with Origin 6.1J software (OriginLab, Northampton, MA).
Results
Relationships between leaf nitrogen content and rPPF
Concurrent with new shoot (S02) extension, leaves that were produced in the previous year (S01 leaves) started to shed. The proportion of fallen leaves (% of the initial number of leaves per S01 shoot) varied among the sample shoots (Figure 1a) . The mean proportion was 40%. There was a significant positive relationship between the proportion of fallen leaves and rPPF on S01 shoots (rPPF S01 ) (r = 0.63, P < 0.01), with a larger proportion of fallen leaves in the S01 shoots that were exposed to higher irradiances.
Relative photosynthetic photon flux on an S01* shoot (rPPF S01* ) was lower than rPPF S01 by 70% ± 15.9 (mean ± SD). There was a positive relationship between rPPF S01* and rPPF S01 . There was also a positive relationship between the number of S02 shoots on an S01* shoot (new shoot number)
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com (Figure 2b ). In contrast, total N content of S01* shoots (N S01 a * × LA S01* ) showed a significant negative correlation with rPPF S01* , because the number of remaining leaves on an S01* shoot decreased with increasing rPPF S01* (data not shown). Thus, a positive correlation between leaf N content and rPPF was found for current-year leaves, but not for 1-year-old leaves.
Leaf physiological and anatomical properties
Light-saturated rate of net photosynthesis was significantly correlated with N a for both current-year (S02) and 1-year-old (S01*) leaves (Figure 3a) . The A max of S01* leaves was only about half that of S02 leaves when leaves of similar N a were compared. Instantaneous N-use efficiency (A max per unit N) of S01* leaves was considerably lower than that of S02 leaves. Stomatal conductance to water vapor (g s ) of S01* leaves was lower than that of S02 leaves (Figure 3b ). There was no difference between C i of S01* and S02 leaves (Figure 3c ). The area-based Rubisco concentration of S01* leaves was about two thirds that of S02 leaves (Table 1) . Area-based C concentration and LMA of S01* leaves were slightly higher than those of S02 leaves. Nitrogen concentration on a leaf dry mass basis was 19% lower in S01* leaves than in S02 leaves. Leaf thickness did not differ between S01* leaves and S02 leaves. Neither the area-based soluble protein concentration nor the area-based Chl concentration differed between S01* leaves and S02 leaves. Both the Chl a:b ratio and the Rubisco:Chl ratio were significantly lower in S01* leaves than in S02 leaves, indicating that 1-year-old leaves were acclimatized to lower light environments.
Nitrogen remobilization
Nitrogen-remobilization efficiency from fallen leaves (R f ) was TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Table 1 . Leaf physiological and anatomical properties of current-year (S02) and 1-year-old shoots (S01*). All parameters except for the chlorophyll (Chl) a:b ratio and leaf thickness are expressed on a leaf area basis or leaf dry mass basis. The concentrations of C and N and LMA were obtained from leaves collected between mid-July and early October. Leaf thickness and the concentrations of soluble protein, Rubisco and Chl were obtained from leaves collected in early October. Values are means with SD shown in parentheses. Abbreviations: LMA = leaf dry mass per area; n = number of measurement replications; ns = not significant; * = P < 0.01; and ** = P < 0.001). A change in a given parameter (expressed as a percentage of the value of current-year leaves) is indicated in the right column when the change is statistically significant. (Figure 4a ). Area-based N concentration of fallen leaves (N F a ) ranged from 0.79 to 1.71 g m -2 and was not correlated with new shoot number (r = -0.07, P = 0.75). Mean R f was 45%. In contrast, N-remobilization efficiency from remaining leaves (R f ′) increased with the increase in new shoot number. Mean R f ′ was 33% when the new shoot number was 6-8, which was twice as high as the R f ′ when the new shoot number was zero.
The amount of N remobilized from fallen leaves (R m ) was strongly correlated with new shoot number (Figure 4b ). There was no correlation between the amount of N remobilized from remaining leaves (R m ′) and new shoot number. The total amount of N remobilized from 1-year-old leaves (R m + R m ′) was positively correlated with new shoot number (Figure 4c ). These results indicate that the extent of N remobilization from 1-year-old leaves was related to the number of new shoots or sink strength.
We estimated the proportion of N remobilized from 1-yearold leaves to new leaf N as the ratio of total amount of N in S02 leaves to the value of R m + R m ′. The estimated proportion was 15-45% ( Figure 5 ). The proportion of N remobilized from 1-year-old leaves was smaller than that from the other organs and root uptake, especially in the 1-year-old shoots with high new shoot number.
Discussion
We found a significant positive correlation between N a and rPPF for current-year leaves but not for 1-year-old leaves in Q. glauca. Schoettle and Smith (1998) also reported a significant relationship between N and rPPF in young leaves of the evergreen conifer species P. contorta ssp. latifolia, and suggested that the sink strength of new shoot growth affects the N content of old leaves more than the PPF on old leaves. We showed that the amount of N remobilized from 1-year-old leaves is correlated with new shoot production or sink strength (Figure 4) . In some deciduous tree species, Rubisco is a major leaf protein that is degraded and remobilized during leaf senescence (Millard and Thomson 1989) . We found a significant decrease in area-based Rubisco concentration with leaf age in Q. glauca ( Table 1 ), suggesting that N was remobilized from Rubisco in 1-year-old leaves.
The estimated proportion of N remobilized from 1-year-old leaves to new leaf N was 15-45% ( Figure 5 ). This value assumes that all the N from 1-year-old leaves (S01*) was translocated to the new leaves (S02). However, R m + R m ′ was not zero when no new shoots were produced ( Figure 5 ), implying that the N from 1-year-old leaves was not necessarily translocated to the new shoots. The amount of N provided from 1-year-old leaves to the new shoots could vary greatly among the branches, and the proportion could be smaller than that from the other organs and from root uptake.
The total N content of S01* shoots was negatively correlated with rPPF S01* (Figure 2b ) because the number of fallen leaves per shoot had a significant positive correlation with rPPF S01* (data not shown, but see Figure 1 ). The S01* shoots in higher solar irradiance could have lower rates of photosynthesis and transpiration per "shoot" than those in lower solar irradiance.
The amount of N remobilized from fallen leaves to new leaves was less than that remobilized from other organs and from root uptake (Figures 4b and 5 ). This was especially true for the S01* shoots that were exposed to higher PPF and had a higher new shoot number. The large number of fallen leaves from these shoots might not make a significant contribution to the growth of new shoots with respect to N supply.
In the evergreen conifer species Thuja plicata Donn. (Pepin et al. 2002) and Pseudotsuga menziesii (Mirb.) Franco subjected to drought conditions (Warren et al. 2003) , higher transpiration rates of the lower foliage restrict stomatal conductance of the upper foliage, thereby reducing the C gain of the upper foliage. These studies suggest that shoots are not necessarily autonomous with respect to water use in evergreen tree canopies. The large number of fallen leaves from the S01* shoots exposed to higher solar irradiance might alleviate competition with new shoots with respect to water use.
Both the Chl a:b ratio and Rubisco:Chl ratio were significantly lower in 1-year-old leaves than in current-year leaves (Table 1 ). Leaf Chl:N ratio is generally high in leaves developed at low light availability, which is explained by an increase in the amount of N allocated to Chl-protein complexes relative to that allocated to proteins for Calvin cycle and photosynthetic electron transport components Terashima 1995, Kull and Niinemets 1998) . One-year-old leaves had a slightly higher Chl:N molar ratio than current-year leaves (5.1 versus 4.8; see Table 1 ). These results indicate that 1-year-old leaves were acclimatized to lower light environments.
In some evergreen conifers, the relationship between A max and N a is weak or obscure when data from all leaf ages are pooled (Brooks et al. 1996, Schoettle and Smith 1998) . Similarly, we found that the correlation coefficient of the linear regression between A max and N a was weaker when data from current-year and 1-year-old leaves were pooled (r = 0.44, P < 0.05). We calculated A max per Rubisco content from both data of Figure 3 and Table 1 . The A max per Rubisco content of current-year leaves was 2.7 µmol CO 2 g -1 , whereas that of 1-year-old leaves was 1.7 µmol CO 2 g -1 . The value of C i did not differ between 1-year-old and current-year leaves (Figure 3) . One-year-old leaves might have lower specific activities of Rubisco or higher internal diffusion resistance from the intercellular air spaces to the chloroplasts compared with currentyear-leaves. Leaf soluble protein concentration on an area basis was similar between 1-year-old and current-year leaves (Table 1 ). The Rubisco:soluble protein ratio was 33% lower in 1-year-old leaves than in current-year leaves, suggesting that soluble proteins other than Rubisco accumulate with leaf age in Q. glauca. These soluble proteins may have a storage function (Wendler et al. 1995) . The low instantaneous N-use efficiency of 1-year-old leaves could bring about the weaker relationship between A max and N a when the data from all leaf ages were pooled.
The coefficient of determination of the linear regression between N a and rPPF in current-year-leaves of Q. glauca was 0.12 (P < 0.05), whereas it is 0.94 (P < 0.01) in a dense stand of Solidago altissima L. (Hirose and Werger 1987) and 0.88 and 0.52 in dense and open stands of Lysimachia vulgaris L., respectively (Hirose et al. 1988 ). In Q. glauca, N a was not highly dependent on light availability of the leaves, implying that Q. glauca has a lower capacity to adjust leaf N content with changes in light availability compared with herbaceous plants such as S. altissima and L. vulgaris. For 1-year-old leaves, N a was not correlated with rPPF (Figure 2a ). This might be explained by the lower capacity to adjust leaf N content after N remobilization from 1-year-old leaves is completed. The extent of the benefits of N allocation could be determined by accounting for the costs of N redistribution (e.g., the amount of ATP required for both translocation of amino acids and leaf construction) as suggested by Field (1983) . If the costs of N redistribution were known, it would be possible to explain the reduced capacity to adjust leaf N content in ecological terms.
